The fauna of Euglossini bees is poorly known in savanna regions, making it difficult to understand how these bees use open vegetation environments. The aim of this study was to evaluate the influence of landscape structure on species abundance and composition of Euglossini bees in naturally heterogeneous savanna landscapes. Nine sites were sampled monthly using six traps with chemical baits. Three aromatic essences (eucalyptol, methyl salicylate and vanillin) were used to attract the Euglossini. Surrounding environmental conditions were measured using three independent variables, calculated in multiple scales: index of local vegetation and two landscape indices (Shannon Diversity and area-weighted shape). We compared the competing hypotheses through model selection based on Second-order Akaike Information Criterion (AICc). The four competing hypothesis were: (1) The local vegetation complexity favors Euglossini bees species richness and/or abundance (local vegetation hypothesis); (2) The proportion of the native vegetation types favors Euglossini bees species richness and/or abundance (habitat amount hypothesis); (3) Higher landscape diversity shall increase species richness of Euglossini bees (landscape heterogeneity hypothesis); (4) More complex landscape configuration shall favor the Euglossini bees richness and/or abundance (landscape heterogeneity hypothesis). We sampled 647 individuals belonging to six species of two distinct genera. Our results support the habitat amount hypothesis since bees' abundance was strongly related with the proportion of habitat in the surrounding landscape. This may be related to the availability of floral and nesting resources in some types of savanna vegetation.
Introduction
Given the importance of Euglossini bees for wild pollination as well as the practicity of its sampling, many studies adopted them as biological models in order to understand how bees in general use their environment and how they can be affected by habitat loss, fragmentation and homogenization in landscapes (Powell & Powell 1987 , Tonhasca et al. 2002b , Viana et al. 2006 , Brosi et al. 2007 , Mendes et al. 2008 , Brosi 2009 , Knoll & Penatti 2012 , Silveira et al. 2015 , Aguiar et al. 2015 . However, these studies present mixed results, with most of them poorly delineated and conducted in forested environments. Few studies were specifically designed to evaluate landscape effects on Euglossini bees, such as works by Brosi (2009) and Brosi et al. (2007) that showed evidences of positive relationships between Euglossini bees and the amount of border between forest and non-forest areas in landscapes, what suggests the association of these bees with transition environments. These results suggest that many Euglossini bees depend both on the forests and their surrounding open areas. Others also evidenced that Euglossini bees can cross large distances between forest patches or leave these forests during their resource foraging trips, what may help to explain why they appear to be little affected by fragmentation per se (Tonhasca et al. 2002b , Tonhasca et al. 2003 , Milet-Pinheiro & Schlindwein 2005 , Ramalho et al. 2009 , Brosi et al. 2007 , Rosa et al. 2016 .
The Euglossini bees have Neotropical distribution and exist throughout South and Central America, especially in tropical forests, with some occurrences in the Southern United States (Michener 2007 , Nemésio 2009 ). Males of these bees have close association with certain orchid species, based on supply and demand for aromatic compounds being therefore known as orchid bees. They are pollinators of many plant species representatives of dozens of botanical families (Dressler 1982 , Cameron 2004 and are potentially long-range pollinators that can be important in highly heterogeneous environments such as the neotropical forests (Janzen 1971 , Wikelski et al. 2010 . Although commonly associated with forested environments, these bees are also present in open vegetation types such as the Brazilian savanna, called "Cerrado" (Knoll & Penatti 2012 , Silveira et al. 2015 . The Brazilian savanna is one of the world's biodiversity hotspots and is under great pressure because of agricultural expansion and lack of conservation reserves (Myers et al. 2000 , Klink & Machado 2005 , Bellard et al. 2014 . However, the Euglossini fauna in savanna environments is relatively unknown in contrast with forested environments which are well studied for this group, especially considering the savanna physiognomies with low stratification profiles. Such lack of information about the importance of open vegetation types such as savanna for these bees deeply limits our understanding of the effects of landscape structure on Euglossini communities.
Many factors can be determinant for the maintenance of Euglossini populations and community structures. The amount of floral resources, along with other local vegetation characteristics, can attract foraging bees, increasing their likelihood to pass through certain places (Chittka & Thomson 2001) . Alternatively, residence of individuals in the landscape can be determined by the availability of limiting factors such as the amount of floral resources, nesting substrate or material for nest building in a broader area regulating the abundance or preventing the maintenance of bee populations (Potts et al. 2003 (Potts et al. , 2005 . Therefore, the abundance and species richness can be directly proportional to the landscape coverage of the vegetation types that best meets the demands of the studied group, as expected according to the habitat amount hypothesis (Fahrig 2013) . A third possibility is that the vegetation types with different floral compositions and physical features can have complementary roles for the bees (Dunning et al. 1992) . For example, while some bee species can find nesting substrates in a given environment, the floral resources may be in another place, making necessary the presence of both landscape units for the presence of such species. Additionally, the differences in phenology may cause spatial and temporal variations in the floral resources availability among vegetation types. In this case, the most heterogeneous landscapes may favor the maintenance of a greater abundance and species richness because of the complementarity of vegetation types as expected according to the landscape heterogeneity hypothesis (Fahrig et al. 2011) .
It is, thus, very difficult to evaluate the importance of each of these effects separately. However, the comparison of multiple concurrent hypothesis (e.g. local vegetation, habitat amount and landscape heterogeneity) through model selection approaches based on Akaike Information Criterion (AIC) can help us to find reasonable explanation of observed patterns (Burnham & Anderson 2002) . The Savanna domains comprise different vegetation types, ranging from grasslands to forests and typically form wide vegetation mosaics (Klink & Machado 2005 , Brasil 1992 ). This natural heterogeneity is the result of a long and dynamic evolutionary history, forming an ideal environment to establish relationships between composition of biological communities and structural landscape patterns (Fahrig et al. 2011 , Fahrig 2013 . In this context, the aim of this study was to evaluate the influence of landscape structure on the abundance and species composition of Euglossini community in naturally heterogeneous Savanna landscapes through the comparison among the four alternative hypothesis: (1) The local vegetation complexity favors Euglossini bees species richness and/or abundance (local vegetation hypothesis); (2) The proportion of the native vegetation types favors Euglossini bees species richness and/or abundance (habitat amount hypothesis); (3) Higher landscape diversity shall increase species richness of Euglossini bees (landscape heterogeneity hypothesis); (4) More complex landscape configuration shall favor the Euglossini bees richness and/or abundance (landscape heterogeneity hypothesis).
Methods

Study region, selection of sampling units and sampling bees
The study was conducted in Mucugê Municipal Park (12º59'S, 41º20'W), located in Chapada Diamantina, Bahia, Brazil. The study region has an altitude ranging between 900 and 1400 meters and its vegetation is composed of a mosaic of savanna formations in a continuous structural gradient ranging from grass-woody (characterized by graminoid hemicryptophytes, geophytes and spaced rachitic wooded plants) to wooded savanna (characterized by sparse nano-cryptophytes and hemicryptophytes), with predominance of rocky savannas (Juncá et al. 2005) (Figure 1 ). The climate type is tropical savanna (Aw) according to the classification of Köppen-Geiger, characterized by the average temperature of the coldest month of the year greater than 18 ° C, higher rainfall than the potential evapotranspiration and with two marked dry and wet seasons. Rainfall is concentrated in the summer (Peel et al. 2007) . With an average annual rainfall of 1281 mm, this region has a rainy season from November to April, with the average cumulative rainfall for this period being 942 mm and 339 mm in the dry season. Maximum annual average temperature is 29 ° C and the minimum is 19.8 ° C (INMET 2015) .
We randomly selected nine sample units at least 1.5 km apart from one another within an area of 38 km 2 on the official vegetation map for the state of Bahia (Diretoria de Desenvolvimento Florestal 1998), totaling three sample units for each of the three native vegetation types most abundant at the study area: grassy-woody savanna, rupestrian grassy-woody savanna and rupestrian wooded savanna (Figure 1) . In order to sample Euglossini males traps were built with 2 l bottle polyethylene terephthalate (Neves & Viana 1997) . Within each trap, a cotton wool wrapped in gauze was soaked with 2 ml of one of the chemical baits used, i.e. eucalyptol, methyl salicylate or vanillin. These aromatic essences are among the most attractive baits for this biological group as reported by the specialized literature (Oliveira & Campos 1996) . In each sample unit six traps (two with each chemical bait) were installed in wooden stakes 1.3 m above the ground and at least 25 m distant from each other, forming a square with 50 m side, totaling six traps. The traps were exposed for 10 hours, from 7:00 am to 17:00 h, totaling a sampling effort of 540 hours per sample unit for each of the 13 field campaigns. This campaigns occurred at least 20 days apart between January and December of 2008 and the traps positions were rotated clockwise each time. All collected specimens were identified at the species level by the first author with the aid of specialized bibliographic materials and confirmed by the experts Edinaldo Luz das Neves and André Nemésio (Nemésio 2009 ). We adopted the taxonomic nomenclature of the Catalogue of bees (Hymenoptera, Apoidea) in the Neotropical Region (Moure et al. 2007 ). All collected specimens were deposited in the Zoology Museum of UFBA -MZUFBA. More detail is available in the support information Appendix 1.
Measuring the surrounding environmental conditions and data analysis
In order to evaluate surrounding environmental conditions, we used a combination of remote sensing, geographic information systems (GIS) and field survey . The local vegetation structural characteristics was estimated through the 2-band enhanced vegetation index (Jiang et al. 2008) , calculated based on data from KOMPSAT satellite images with four meter of spatial resolution, obtained in November 2008. This index is directly proportional to the density of photosynthetic active biomass. For each sampling unity we calculated the mean values of the pixels of the vegetation index layers within buffers with radii varying from 25 to 100 m, in increasing steps of 25 m.
To calculate the proportions of each vegetation type and the landscape indices, a land cover map was created through a supervised classification of the same KOMPSAT satellite images using the maximum likelihood algorithm (Moreira et al. 2016) . The map included four vegetation classes as defined by Veloso et al. (1991) , with few adaptations: rupestrian wooded savanna, wooded savanna, grass-woody savanna and rupestrian grass-woody savanna, plus exposed soil and water (Figure 1) . The landscape heterogeneity indices adopted were the landscape Shannon Diversity and the area-weighted shape index, which represent the compositional and configurational heterogeneity respectively (Fahrig et al. 2011 , Turner & Gardner 2015 . In addition, the proportion of the landscape covered by each vegetation type was also calculated. All landscape indices were based on buffers raging from 250 m to 1250 m with 250 m increases. The calculation of the EVI2 and land cover classifications were using the vegetation ArcGISTM 9.3 (ESRI  2008) and 4.7 ENVITM  2009 and ITT. Landscape pattern quantification was done using FRAGSTATS 3.3 (McGarigal et al. 2012 ). More detail is available in the support information Appendix 2.
To proceed with the analysis, it was necessary to select an adequate scale for the surrounding environmental conditions. The Euglossini bees are commonly referred as long range pollinators given their great flight capacity (Janzen 1971 , Wikelski et al. 2010 , Pokorny et al. 2014 . However, despite their capabilities, most individuals only travel short distances (up to 600 m) when foraging and the frequency of observations is inversely related to the traveled distance Euglossini standards. The fact is that there is very little information on the actual home range of these bees. Even if the maximum home range of a species is well known the correspondence with the scale of measurement is not direct because multiple levels of influence are present (Moreira et al. 2015) . Therefore, no particular scale was assumed in this work. Instead, the scale with the highest coefficient of determination (R 2 ) was selected from a range of scales, from 25 to 100 m for the local vegetation and from 250 to 1250 m for the landscape structure, both are compatible with what was found for other native bees (Steffan-dewenter et al. 2002 , Moreira et al. 2015 . These coefficients were calculated for each combination of the dependent variables (species richness, total abundance and abundance of each species) and independent (local vegetation structure, landscape diversity, configuration and proportion of each vegetation type). Finally, to assist the interpretation of the results an exploratory principal component analysis (PCA) was performed with the proportions of each vegetation cover. These statistical analyses were performed using the R 2.15.0 program, with the packages stats and vegan version 2.2-1 (R Development Core Team 2009).
To compare the alternative hypotheses for the relationship between the surrounding environmental conditions with Euglossini bees community characteristics, a model selection approach based on Akaike Information Criterion (AIC) was used. The four a priori theoretical hypotheses were confronted for each dependent variable: (1) The local vegetation complexity favors Euglossini bees species richness and/or abundance (local vegetation hypothesis); (2) The proportion of the native vegetation types favors Euglossini bees species richness and/or abundance (habitat amount hypothesis); (3) Higher landscape diversity shall increase species richness of Euglossini bees (landscape heterogeneity hypothesis); (4) More complex landscape configuration shall favor the Euglossini bees richness and/or abundance (landscape heterogeneity hypothesis). A set of mathematical models describing each of these hypotheses were included in the model selection procedure along with a null model represented by a constant. The hypothesis 1, 3 and 4 had one model with the local vegetation index, landscape Shannon Diversity and the Configuration, and only positive relationships were admitted in agreement with the theoretical expectations. Since a vegetation class could not be defined as the most likely habitat a priory, the hypothesis 2 was represented by four models with the proportion of the vegetation classes, what corresponds to eight statistical hypothesis since both positive and negative relationships were considered as equally likely a priory. Only models with one variable were included in the model selection given the restrictive number of degrees of freedom (Burnham & Anderson 2002) . The models were compared using the values of the second-order Akaike information criterion (AICc), which is suitable for small samples (n<40) (Burnham & Anderson 2002) . The delta AICc (Δi) value for each model, namely, the difference between the AICc value for that model with the lowest AICc in the set, was used to evaluate the plausibility of the candidate models. Models with values of delta AICc (Δi) ≤ 2 were considered equally plausible. We also considered the Akaike weights (Wi) of the models to evaluate the relative amount of evidence for the best model (Burnham & Anderson 2002) . The statistical analyses were performed using the R 2.15.0 program, with the packages stats and 'bbmle' version 1.0.16 (R Development Core Team 2009). All data used in this analysis are available in the online supplementary information Appendix 3.
Results
The 647 Euglossini individuals collected were classified into two genera and six species (Table 1) . The Euglossini community proved to be dominated by three more abundant species, Eulaema nigrita Lepeletier (1841), Euglossa leucotricha Rebêlo & Moure (1996) and Euglossa melanotricha Moure (1967) , which occurred in all sample units and represent approximately 96.9% of the total abundance. Euglossa fimbriata Rebêlo & Moure (1968) accounts for 2.6% and was collected in eight of the nine sampling units. The other species, Euglossa cordata Linnaeus (1758) and Euglossa securigera Dressler (1982) were much less frequent.
In general, our results support that the amount of surrounding habitat in the landscape has a positive and strong influence on species richness and abundance ( Table 2 ). The total abundance is best explained by a positive relationship with the proportion of grass-woody savanna in the surrounding landscape. This model is well supported and has a good fit with the data ( Analyzed separately, the four most abundant species show two different trends. The first is for Euglossa fimbriata and Eulaema nigrita that were best explained by a positive relationship with the proportion of grass-woody savanna in the landscape (Table 2; Figure 2 C and D). For Eulaema nigrita the best model was well supported with a good fit to the data. Euglossa fimbriata also presented a positive tendency with the same factor. However, the model selection for this specie showed inconclusive results considering that the best model has poor support (Wi<0.6) and that the null model can be considered equally plausible (∆i ≤ 2). Even so, there is a clear tendency of positive relation between Euglossa fimbriata and the grass-woody savanna proportion in the landscape (Figure 2 C) . The second trend was presented by Euglossa leucotricha and Euglossa melanotricha as negative relationship with the rupestrian grass-woody savanna (Table 2; Figure 2 E and F). The best model for Euglossa leucotricha is well supported and presents a good fit with the data (Figure 2 E) . Although the best model for Euglossa melanotricha do not have a high weight of evidence (Wi<0.6), it is substantially more supported (∆i ≥ 2) than the second model in the rank (Table 2; Figure 2 F).
Discussion
All results supported the habitat amount hypothesis proposed by Fahrig (2013) , which predicts that species abundance must be primarily driven by the proportion of habitat in the surrounding landscape. However, the observed species did not respond similarly among each other to the amount AICc -Akaike's Information Criterion corrected for small samples; AICc∆i -AICc differences; df -degree of freedom; AICcWi -Akaike weight; GWS -grass-woody savanna; RGWS -rupestrian grass-woody savanna; LCC -landscape configuration complexity; LDI -Landscape diversity index, between parentheses are the scales of measurement. of habitat. A possible explanation for this result is that this specific variation in responses may be associated with the floral and nesting resources availability in the landscapes. To accept this statement, it is necessary to assume that the abundance of the male bees attracted to the chemical baits is a function of the reproductive success of their mothers and inversely related with the distance between the baits and their original nests. This is a reasonably logic assumption considering that the reproductive success is determmined by the population recruitment, once the original nests are the center of dispersion of the males and that the bait efficiency is reduced with the distance (Milet-Pinheiro & Schlindwein 2005 , Aguiar et al. 2015 , Rosa et al. 2015 . Therefore, the amount of vegetation types with more trophic and nesting resources around the sample unit will be positively related with species abundance at the sample unit (Potts et al. 2003 (Potts et al. , 2005 . There is some evidence in the literature to support such claims. For example, the females of all Euglossini species collected can build their nests on preexisting cavities in the ground, including the savanna soil (Zucchi et al. 1969 , Augusto & Garófalo 2007 ). These bees can also occupy empty termites and ant nests (Zucchi et al. 1969 conditions are common in grass-woody savanna and that preferences for more open areas were previously reported, one can propose that this vegetation type is a potential adequate environment to the nesting behavior of the most abundant Euglossini bees in the studied region, although such proposition calls for additional empirical verification (Rebêlo & Garófalo 1997 , Silveira et al. 2015 , Juncá et al. 2005 . The scarcity or total absence of floral and nesting resources in the landscape can also explain the negative effect of the proportion of rupestrian grass-woody savanna. In this vegetation type, Euglossa leucotricha and Euglossa melanotricha, both with preference for more dense/vegetated or forested areas, the soft ground is practically absent and the scattered plants grow on bare rock and are rachitic because of the dry oligotrophic conditions (Juncá et al. 2005 , Silveira et al. 2015 . Such environment with low humidity and high temperature variations can be challenging for Euglossini bees to build their nests (Dressler 1982 , Roubik 1992 , Cameron 2004 ). This leads us to the question of why Euglossa leucotricha and Euglossa melanotricha did not respond directly to the proportion of grass-woody savanna like the other two species? The missing piece here is the wooded savanna. Like the grass-woody savanna, the wooded savanna also has appropriate conditions for Euglossini bees to build their nests (Juncá et al. 2005) . In addition, both vegetation types have richer and more abundant floral resources than the rupestrian grass-woody savanna (Moreira et al. 2015 , Moreira et al. 2016 . Therefore, the amount of resources present on the landscape are inversely proportional to the rupestrian grass-woody savanna cover (Figure 3 , Moreira et al. 2016) . If the proposed effects are true, one can conclude that rupestrian grass-woody savanna is unfavorable for Euglossini bees. Furthermore, in the studied region Euglossa leuchotricha and Euglossa melanotricha can use both grass-wood savanna and wooded savanna, when Euglossa fimbriata and Eulaema nigrita may use preferentially the first one.
The differences among species in their responses to vegetation types, as discussed above, also illustrate the problem associated with confusions regarding the use of the terms 'vegetation types' and 'habitat', commonly used as synonyms (Mitchell 2005) . This is especially important considering that the species studied here are also present in forested environments (Tonhasca et al. 2002a , Tonhasca et al. 2003 , Milet-Pinheiro & Schlindwein 2005 , Ramalho et al. 2009 , Brosi et al. 2007 , Aguiar et al. 2015 , Rosa et al. 2015 . Studies that aim to evaluate the effects of habitat loss on Euglossini bees in forested regions generally assume binary landscapes including only the categories 'habitat' (forest) and 'inhospitable matrix' (non-forest) (Tonhasca 2002a , Tonhasca et al. 2003 , Milet-Pinheiro & Schlindwein 2005 , Ramalho et al. 2009 , Brosi et al. 2007 ). However many species do not necessarily perceive the environment in that way. Our results show that this approach may be inadequate for community level analyses, and is likely a reason for some of the mixed results reported in the literature. There are two alternatives to deal with this problem. The first is to analyze only the species that are closely associated with forests and therefore are dependent on these environments (Pardini et al. 2010) . The second alternative is to explicitly consider the landscape's heterogeneity instead of the single habitat notion for the community level (Fahrig et al. 2013 , Moreira et al. 2015 . If the last one is done, we can greatly increase our understanding of the relationship between Euglossini and the spatial structure of the surrounding environments. DIRETORIA DE DESENVOLVIMENTO FLORESTAL. 1998 WA -water; WDS -wooded savanna; WIS -wooded savanna; Esoil -exposed ground.
